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Introduction
We have known for over half a century (Birch, 1964) that the core of the Earth has a density which is somewhat lower than that of pure iron under similar conditions of pressure and temperature; this density deficit is postulated to be due to the presence of approximately 10 wt.% of a light alloying element (or elements). Cosmochemical arguments suggest that the core of the Earth also contains 5 wt.% or more nickel and some iron meteorites contain up to 20 wt.% nickel, although nickel has been largely ignored in studies of core materials. Recent experimental and ab initio simulation studies, however, have shown that simple mixtures of iron and light elements cannot be reconciled with the seismic velocities of the core at the correct core densities (see e.g. Vočadlo, 2007; Antonangeli et al., 2010) prompting interest in the role of nickel in the core (Kantor et al., 2007; Kuwayama et al., 2008; Martorell et al., 2013) . Silicon is thought to be a major light element component in the core of terrestrial planets, along with sulphur (e.g. Malavergne et al., 2010; Deng et al., 2013; Chabot et al., 2014) so iron silicide and nickel silicide are important end-member components for understanding the chemical and physical properties of planetary cores. In the extensively studied FeSi system the e-FeSi structure that is stable at ambient conditions transforms to a CsCl-structured phase at $20 GPa, which remains stable to pressures greater than those in the core of the Earth (Vočadlo et al., 1999; Dobson et al., 2002 Dobson et al., , 2003 Dubrovinsky et al., 2003; Caracas and Wentzcovitch, 2004; Lord et al., 2010; Zhang and Oganov, 2010; Fischer et al., 2013; Geballe and Jeanloz, 2012 Static ab initio simulations of NiSi revealed significantly more complex phase relations under compression than those observed in FeSi. In that study it was reported that there were 4 different stable structures under compression before NiSi takes on the CsCl structure (space group Pm 3m, also known as B2 in the Strukturbericht notation) at $250 GPa. As expected, the MnP-structured (Pnma, B31) phase was determined to be the most stable form of NiSi at atmospheric pressure but, at a simulation pressure of $23 GPa, NiSi with the c-CuTi (P4/nmm, B11) structure became the most stable phase. Two orthorhombic structures were determined to become stable at higher pressures, the first with space group Pbnm and the second being the FeB structure (Pnma, B27). NiSi with the e-FeSi (P2 1 3, B20) structure was not found to be stable at any pressure, but the energy differences between this and the other phases were only a few meV per atom. The stable zero-Kelvin structures were subsequently confirmed by Gavryushkin et al. (2015) using ab initio-based structure prediction software. A subsequent experimental study by Lord et al. (2012) , in which synchrotron X-ray diffraction was used to examine samples quenched from high-temperature in the laser-heated diamondanvil-cell, confirmed the CsCl-structured phase of NiSi at pressures above 46 GPa and temperatures above 1900 K, and also determined the e-FeSi-structured phase to be the thermodynamically most stable structure at pressures between about 12.5 and 46 GPa and temperatures above 1550 K. In addition, some very weak reflections in the X-ray diffraction patterns were observed that were consistent with other structures predicted to be stable in the ab initio study. It was thought that these were possibly stable phases at lower temperatures, produced at the edges of the laser heated spot or during temperature quenching prior to X-ray diffraction. Laser-heated diamond-anvil cells are not amenable to studies below $1500 K so we performed preliminary multi-anvil experiments to determine whether the c-CuTi structured phase, predicted to become stable at a simulated pressure of $23 GPa, was indeed the stable structure of NiSi at high-pressure and moderate temperature. At 17.5 GPa and 1000-1200 K an orthorhombically-distorted (Pmmn) version of the c-CuTi structure (hereafter termed the distorted-CuTi structure) was observed in quenched samples, coexisting with e-FeSi structured NiSi (hereafter termed the e-FeSi structure; Wood et al., 2013) . This material had a different crystal structure from the orthorhombically distorted structure with space group Pbma considered in the earlier ab initio simulations of Vočadlo et al. (2012) . In the case of the simulations, the distortion was along the diagonals of the a-b plane of the c -CuTi phase, requiring an axial transformation of a 0 % b 0 -% p 2a, where a 0 and b 0 are the axes of the orthorhombic phase, whereas the experimentally observed phase had a distortion along the a and b axes of the tetragonal c-CuTi phase. Static ab initio simulations have subsequently shown this distorted-CuTi structure to be more stable than the c-CuTi structure from which it is derived at all positive pressures, with the predicted transition from the low pressure MnP (Pnma) phase to the distorted-CuTi structure occurring at 21 GPa . Simulations indicate that this distortion increases with decreasing lattice volume, suggesting that the tetragonal structure might become stable at elevated temperature. The equation of state and distortion of this phase has subsequently been experimentally determined to be in excellent agreement with the simulations to at least 45 GPa (Lord et al., 2015) . It is clear from these earlier studies that the phase diagram of NiSi under moderate conditions of pressure and temperature is complex, with both pressure-and temperature-induced transitions between quite distinct structure-types and further ferroelastic distortions of the CuTi structure possible. We report here, therefore, the sub-solidus P-T phase diagram of the NiSi system up to 19 GPa and 1773 K by in situ, multi-anvil based, synchrotron X-ray diffraction studies at simultaneous high pressure and high temperature, along with preliminary results to 60 GPa from in situ laser-heated diamond-anvil cell experiments also using synchrotron X-ray diffraction. The melting curve of NiSi has already been presented up to 70 GPa (Lord et al., 2014) , based in part on the results of the in situ laser-heated diamond anvil cell experiments reported here.
Methods
The starting material for all experiments was produced by arcmelting a stoichiometric mixture of Ni and Si and was the same as the starting material used in our previous studies (Lord et al., 2012 (Lord et al., , 2014 Wood et al., 2013) . Laboratory X-ray diffraction at UCL confirmed that the material had the expected MnP structure while electron-probe analyses confirmed that the bulk of the sample was very nearly stoichiometric, with composition Ni 49.84(6) Si 50.16 (6) . A trace amount of material with approximately Ni 3 Si 2 composition was observed on the grain-boundaries of the starting material in the electron probe analyses. Laboratory X-ray diffraction indicates that this material is in fact an intergrowth of MnP structured NiSi and d-Ni 2 Si that is too fine to be resolved by the microprobe, thus yielding an average composition of Ni 3 Si 2 (see Lord et al., 2012 for more details).
Two series of in situ multi-anvil press experiments were performed to determine the phase diagram of NiSi. The cells used for both sets of in situ experiments are drawn in Fig. 1 . Temperature was measured in all multi-anvil experiments using W-Re (3-25) thermocouples; in both in situ cases, the diffraction volume was within 250 lm of the thermocouple junction.
The first set of in situ experiments, performed at beamline X17b2 of the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, USA, used a 250 tonne DIA-type multi anvil press with a 6 mm baked pyrophyllite cube compressed with 4 mm sintered-diamond anvils (Fig. 1a) . The furnace was a graphite cylinder, with Al 2 O 3 thermal insulation between the furnace and cube. A hexagonal BN cylinder, placed inside the furnace, contained thin-walled corundum capsules, one with a fine-grained mixture of NaCl and BN as a pressure standard, and the other with a finely-ground NiSi sample. Energy-dispersive X-ray diffraction patterns were collected at a 2h angle of 6.5 degrees, alternating with sample imaging using a fluorescent YAG crystal and lowlight video camera-microscope system, described elsewhere . At each temperature, a diffraction pattern was recorded, first from the NaCl/BN pressure standard, then from the sample; finally, the incident beam slits were removed and an image was taken of the sample. The incident and diffracted beams were collimated to 50 by 50 lm and diffraction exposure times were approximately 5 min for phase identification.
The second set of in situ experiments was performed at the DORIS synchrotron, DESY, Hamburg, Germany, on MAX200x, a 1750 tonne DIA-type press with a 6-8 double-stage geometry. Chromium-doped MgO octahedra of 10 mm edge length were compressed by 5 mm truncated WC anvils (Fig. 1b) . The furnace comprised a 25 lm thick Inconel foil, with 0.5 mm of ZrO 2 thermal insulation between the furnace and octahedron. The zirconia was replaced with MgO in the central 2 mm which contained the Xray path. MgO capsules, containing a mixture of NiSi and NaCl (as the pressure standard), were placed directly inside the furnace. At each temperature X-ray diffraction patterns were collected from the NiSi/NaCl mixture but imaging was not possible in these experiments. Energy dispersive X-ray diffraction was performed using incident and diffracted beams collimated to 0.5 mm Â 0.5 mm at a 2h angle of 3.2 degrees and diffraction exposure times were approximately 5 min.
All multi-anvil press in situ experiments were performed by compression at room temperature to the desired end-load, followed by step-wise heating. Pressure was determined from the P-V-T equation of state of NaCl with the B1 structure (Decker, 1971) . The main error in pressure comes from errors in fitting the NaCl diffraction pattern and is typically 0.1-0.2 GPa. Phase transitions were determined by the appearance of the following diagnostic reflections for the MnP (1 0 1, 1 2 1 and 2 2 0), e-FeSi (2 0 0, 2 1 0 and 2 1 1) and Pmmn (1 0 1, 0 0 2, 1 1 0, 1 0 2 and 0 1 2) phases of NiSi (Fig. 2) . In general, the reaction kinetics were very fast, with complete transformation from one phase to another in less than 20 min at even the lowest temperatures, with the exception of the distorted-CuTi to e-FeSi phase boundary (see Section 3.2). Once an equilibrium phase boundary was crossed and the new phase produced, the pressure and temperature conditions were altered in order to reverse the reaction. The equilibrium phase boundaries were thus followed by repeatedly observing the forward and reverse reactions at small increments of pressure and temperature in a single experiment. In order to fully describe the phase diagram we also determined the phase boundaries between the solid phases and melt (these data also contribute to the determination of the melting curve to 70 GPa described by Lord et al. (2014) ). Melting was accompanied in one experiment at 6 GPa at the NSLS by: (i) loss of Bragg reflections and appearance of diffuse scattering in diffraction patterns collected from the sample; (ii) visible variations in the absorption intensity of the sample due to flow of liquid NiSi; (iii) shortly thereafter a Re marker foil fell through the sample indicating that it had completely melted (see supplementary video in Lord et al., 2014) .
Unit-cell parameters for the orthorhombic strain analysis of the distorted-CuTi structure (Section 3.4) were determined from diffraction patterns collected at DORIS by fitting Gaussian peaks to the 1 0 1, 0 0 2, 1 1 0, 1 0 2 and 0 1 2 reflections using a leastsquares fitting procedure. Unique peak intensities and widths for each reflection were allowed to vary, along with the unit-cell lengths in the fit. A straight-line background correction was added Regions of the patterns marked in grey are dominated by reflections from the MgO pressure medium and Inconel furnace. Characteristic reflections used to identify the phases of NiSi were: for MnP, 1 0 1 (2.830 Å), 1 2 1 (1.931 Å) and 2 2 0 (1.888 Å); for e-FeSi, 2 0 0 (2.214 Å, which appears as a shoulder on the MgO 2 0 0 reflection), 2 1 0 (1.981 Å) and 2 1 1 (1.808 Å); for distorted-CuTi (Pmmn), 1 0 1 (2.653 Å), 0 0 2 (2.323 Å), 1 1 0 (2.168 Å), 1 0 2 (1.886 Å) and 0 1 2 (1.819 Å). The 1 1 1 reflection of the e-FeSi phase (2.557 Å) is also clear but it overlaps with reflections from the pressure medium so was not considered to be diagnostic.
to the fit based on the X-ray intensity in the diffraction patterns 2.5r from the centroid of the Gaussian fit. In the case of the diamond-anvil cell experiments at the ESRF (see below), unit-cell parameters were obtained by Le Bail fitting using the GSAS suite of programs (Larson and Von Dreele, 1994; Toby, 2001) . In addition to the in situ multi-anvil experiments described above we also report relevant results from three quenching experiments in the multi-anvil press at UCL and from two in situ diamond-anvil cell experiments at the ESRF, which are described in detail elsewhere Lord et al., 2014) , and a further three quenching multi-anvil and diamond-anvil experiments which were performed following the procedures described in those papers. The conditions, methods and identified phases for all experiments reported here are given in the Supplementary data.
Results
Representative diffraction patterns of NiSi samples in the MnP (Pnma), distorted-CuTi (Pmmn) and e-FeSi (P2 1 3) stability fields, collected during one experiment at DORIS are presented in Fig. 2 . The large reflections in the regions marked in grey in the figure come from the MgO pressure medium and Inconel furnace; at the 2h of 3.22°that was used, a 500 lm wide X-ray beam has a diffracting volume which is $15 mm long, of which only the central 1 mm contained the NiSi/NaCl sample. However, while diffraction from the pressure medium and Inconel furnace masks a substantial region of the diffraction pattern, Fig. 2 shows that there are sufficient unique reflections from the sample for phase identification. The ambient-pressure MnP phase persists metastably in the top diffraction pattern, collected at 12 GPa and room temperature during cold compression, but shows some strain-induced line broadening. Upon heating, the NiSi rapidly transforms to the distorted-CuTi phase and the transformation is complete by 753 K (middle trace). The clear splitting of the 1 0 2 and 0 1 2 reflections at 1.81 and 1.89 Å confirms that this phase is, indeed, the orthorhombically distorted structure previously seen in samples recovered from high pressure and not the tetragonal c-CuTi phase with space group P4/nmm. At higher temperatures, this distorted-CuTi phase transforms to the cubic e-FeSi structure, but this transformation is sluggish and some peaks of the distorted-CuTi phase remain even after several hours in the e-FeSi stability field. This is seen in the small reflection at 2.3 Å in the lower trace, collected at 16 GPa and 1218 K. Fig. 3 shows the phase diagram of NiSi determined by in situ multi-anvil experiments up to 19 GPa, along with the P-T conditions of previously reported experiments. Three solid phases were observed in these experiments: at pressures below 10-13 GPa, the MnP structure is the stable structure of NiSi, with the e-FeSi structure becoming stable at high pressure and temperatures above $1063 K and the distorted-CuTi structured phase (with space group Pmmn) stable at high pressure and temperatures below 1063 K. The invariant point between the three phases is located at 12.8 ± 0.2 GPa and 1100 ± 20 K.
The phase diagram of NiSi to 19 GPa
The Clapeyron slope of the phase boundary between the MnP and distorted-CuTi phases is positive with dP/dT = 3 ± 0.75 MPa/ K. This extrapolates to a 0 K transition pressure of 9.5 ± 1 GPa, which is somewhat lower than predicted for this transition pressure by ab initio simulations (21 GPa; Wood et al., 2013) . Similar discrepancies between predicted and observed transition pressures, however, are not uncommon for similar systems; see, for example, Dobson et al. (2002) and Vočadlo et al. (1999) for the e-FeSi to CsCl transition in FeSi.
The ambient-pressure MnP-structured phase of NiSi transforms to the e-FeSi structure at 12.8 ± 0.1 GPa and 1153 K. The Clapeyron slope of this transition was estimated from quenching experiments to be À10 ± 2 MPa/K. This results in a second invariant point, between the MnP-structured, e-FeSi-structured and liquid phases at 9.5 ± 0.6 GPa and 1480 ± 70 K. This location is not well constrained in the multi-anvil press experiments as melt was only detected in one experiment, at low pressure, on the MnP-liquid boundary. However, the location of this invariant point determined from laser-heated diamond-anvil experiments (14 ± 4 GPa and 1590 ± 100 K; Lord et al., 2014) is consistent with this study. 1070 ± 10 K with a small negative Clapeyron slope. Unlike the other phase transitions reported here, a significant region of phase coexistence was observed at this boundary, as indicted in Fig. 3 , with no discernible change in diffraction intensity with time if samples were held at constant P-T conditions for durations of up to 60 min. The in situ experiments were designed to rapidly determine the phase diagram across a wide region of P-T space and hence samples were not held at any one condition for more than 60 min; however, we have good reason to believe that for the bulk composition of the present experiments the region of phase coexistence is thermodynamically stable and not just a kinetic effect. A quenching experiment was performed at UCL, in which the sample was held at 17.5 GPa and 1223 K for 25 h (see Wood et al., 2013 for further details). X-ray diffraction of the sample, recovered to atmospheric pressure and room temperature, revealed a mixture of e-FeSi and distorted-CuTi phases,
while Electron Probe and SEM analysis ( Fig. 4) 
Melting of NiSi
The melting curve of NiSi has been constrained to pressures just below the MnP-e-FeSi-liquid invariant point by direct observation at 5.5 GPa as follows: first, at 1423 K recrystallization of the NiSi sample resulted in rapid and substantial changes in intensity in diffraction peaks in the sample. Second, on heating to 1463 K the radiographic images showed movement related to flow of the dense NiSi sample. Finally, on further heating a Re foil placed at the top of the sample settled through it confirming that it was completely molten: at this point the diffraction patterns showed no reflections from NiSi, but diffuse scattering was observed. We chose 1443 ± 20 K as the melting temperature since the recrystallization at 1423 K is a commonly observed pre-melting phenomenon while flow of the sample at 1463 K confirms that melt was present by this temperature. This is a congruent melting point since no new diffraction peaks appeared on loss of the MnP reflections and appearance of diffuse scattering. See supplementary video in Lord et al. (2014) .
3.4. The orthorhombic distortion of the CuTi phase and the phase boundary of a possible Pmmn to P4/nmm transition In the paper that reported the discovery of the distorted-CuTi phase of NiSi (space group Pmmn; Wood et al., 2013) the formation of this structure was described in terms of a ferroelastic distortion of a tetragonal, paraelastic phase with P4/nmm symmetry; in the Aizu (1969) classification, this ferroelastic, non-ferroelectric, transition is of species 4/mmmFmmm. In our earlier work , static (effectively 0 K) ab initio simulations using density functional theory were presented which showed that the degree of orthorhombic distortion increased with pressure and continued to decrease when simulations were performed at volumes corresponding to negative pressures. It was suggested, therefore, that the P4/nmm tetragonal structure might form the stable phase of NiSi at elevated temperature.
In the present study, we have never directly observed the Pmmn to P4/nmm transition but we have been able to infer the locus of this phase boundary in P/T space from analysis of the degree of orthorhombic distortion observed in our experiments. This orthorhombic distortion is best characterised by the spontaneous strain, e S , defined by Aizu (1970) , which can be taken as the order parameter for the phase transition. In principle, the spontaneous strain should be calculated from e S = (1/ p 2) [(a O À b O )/a T ], where a T is the lattice parameter of the high-symmetry, tetragonal phase extrapolated into the orthorhombic phase field, since in this way the thermal expansion and distortion contributions to the changes in the lattice parameters can be separated (see e.g. David and Wood, 1983) . In the present case, however, this procedure could not be used as the tetragonal phase was never seen and the spontaneous strain was, therefore, calculated from the orthorhombic it is clear that e S increases with P and decreases with T. The curves shown in the Figure give the temperature dependence of e S at selected pressures calculated on the basis that: (i) the phase transition is of second order (i.e. is continuous, which is allowable as Pmmn is a subgroup of P4/nmm), (ii) the temperaturedependence of e S follows a mean-field like behaviour, (iii) the transition temperature, T C , varies linearly with P, and (iv) the saturation value of e S (i.e. its value at T = 0 K) varies linearly with P. None of these assumptions is necessarily correct (see e.g. Lines and Glass, 1977) ; indeed, our VASP simulations (Fig. 5b) indicate a pronounced non-linearity in the saturation value of e S at higher pressures, but we believe that they are adequate for the purpose of estimating the position of the phase boundary. It is clear from the data points in Fig. 5a Fig. 5 . (a) Spontaneous strain, e S , versus temperature for the distorted-CuTi (Pmmn) phase of NiSi, with respect to the tetragonal, c-CuTi (P4/nmm) paraelastic structure. Data points were determined as described in Section 2 and the 0 GPa datum is from Wood et al. (2013) . The data at 19 GPa can be considered isobaric; for convenience in display, the remaining data are labelled according to the pressure range in which they fell (note, however, that the actual pressure values of each point were used in the data analysis).
The lines correspond to a mean-field approximation for the temperature and pressure dependence of e S (see Section 3.4 for details), drawn for selected isobars at 0, 12.5, 19, 29.3 and 33 GPa. (b) Spontaneous strain, e S , from static (0 K) VASP simulations (Wood et al., 2013) versus pressure for the Pmmn phase of NiSi, with respect to the tetragonal, c-CuTi (P4/nmm) paraelastic structure. The line corresponds to a mean-field approximation for the pressure dependence of e S (see Section 3.4 for details).
proportional to p (T À T C ) would be valid; instead a fully selfconsistent mean-field formulation was needed, capable of describing the behaviour of e S over the complete temperature range. Initially, a model based on the quasi-harmonic approach used by David and Wood (1983) was employed, but a much better representation of e S could be obtained by using the approach previously adopted by Wood et al. (2004) to describe the effects of magnetostriction on the cell volume of Fe 3 C, which is based on numerical solutions of the intersection of a Brillouin function (B 1/2 (y) in this case) with a line whose slope is proportional to temperature (for further details see Wood et al., 2004) . With these assumptions we were able to describe the evolution of e S as a function of P and T in terms of four adjustable parameters: (a) T C at P = 0; (b) oT C /oP; (c) e S (P,T) at P = 0, T = 0; (d) oe S /oP at T = 0. We found that the data were not adequate to allow all four parameters to be fitted simultaneously by non-linear least squares, so a two stage process was adopted. Firstly, we determined the parameters (c) and (d) above by fitting the data collected at 19 GPa, (indicated by the filled circles in Fig. 5a ) so as to obtain the saturation value of e S at this pressure (we chose these data as we considered them to be the most reliable). We then used this saturation value of e S , together with the spontaneous strain at 29.3 GPa and 300 K (indicated by a filled diamond in Fig. 5a ) to determine the rate of change of the saturation value of e S with respect to pressure. This gave the relation e S (T = 0) = 0.0553(1) + 0.00174P, where P is in units of GPa (no estimated uncertainty is quoted for the parameter (d) as it was obtained from values at only two pressures). The remaining parameters, (a) and (b) above, were then determined by fitting simultaneously to the complete data set, from which we obtained the relation T C = 502(48) + 64(3)P, where T C is in K and P in GPa. Bearing in mind that many of the data shown in Fig. 5a show considerable scatter, we consider our representation of the behaviour of e S to be quite satisfactory. When T C is plotted as a function of P on the NiSi phase diagram (Fig. 3) , it becomes apparent that the tetragonal, P4/nmm, phase of NiSi will never be thermodynamically stable. There is, however, the possibility that it might be observed, metastably, by heating the Pmmn phase at atmospheric pressure since, at P = 0, T C = 502 K, which might be a sufficiently low temperature for the phase transition to be observed before the NiSi reverts to the MnP structure.
The behaviour of e S as a function of pressure as determined in our ab initio simulations at T = 0 K is shown in Fig. 5b . The line shown in the figure is again based on the mean-field theory described above, with two parameters (the transition pressure and the saturation value of e S ) fitted by non-linear least squares to the data. The transition pressure at T = 0 K was thereby determined from the VASP simulations to be À16(1) GPa, in satisfactory agreement with the extrapolated value from our experimental results (above), from which a transition pressure of À8(1) GPa is expected at 0 K.
Extension of the phase diagram to higher pressures
In addition to the multi-anvil experiments, we also report here the results from two exploratory laser-heated diamond anvil cell experiments with simultaneous synchrotron X-ray diffraction at 29-35 and 60-65 GPa. Experimental details for these experiments are described in detail in Lord et al. (2014) , which focusses on the melting curve of NiSi to 70 GPa. The phase diagram of NiSi is extended to 65 GPa in Fig. 6a . In both experiments reported here, fresh samples of MnP-structured starting material were compressed at room temperature to the pressure of interest and then heated by double-sided laser heating.
At 33 ± 1 GPa, MnP-structured NiSi transformed to a mixture of the distorted-CuTi and e-FeSi structured phases on initial heating to 1440 K. The distorted-CuTi phase persisted in diffraction patterns to 1690 K, after which only e-FeSi structured NiSi was observed until 34.4 ± 1.3 GPa and 2165 K. Above this temperature X-ray diffraction patterns showed reflections from a new phase, consistent with the CsCl structure, plus diffuse scattering indicative of the presence of melt. The CsCl structure was determined to be the phase stable at the highest pressures of the static ab initio simulations of Vočadlo et al. (2012) and the laser-heated diamond anvil cell experiments of Lord et al. (2012) . The simultaneous appearance of the CsCl phase with liquid suggests that the e-FeSi + CsCl + liquid invariant point occurs slightly below the pressure and temperature of this experiment (this is identical to the invariant point in Lord et al. 2014 , which is quoted as 28.5 ± 1.5 GPa and 2165 ± 60 K, without the contribution of thermal pressure for comparison with off-line experiments). There is also, however, a large region over which the distorted-CuTi and e-FeSi phases coexist in this experiment (1440-1660 K), with the distorted-CuTi phase persisting to higher temperatures than predicted from the multi-anvil experiments. While this might be a real property of the material it might also be explained either by thermal gradients in the cell if the X-ray spot was not perfectly aligned with the laser heated spot, or by the region sampled in this experiment unfortunately containing some of the d-Ni 2 Si material which was seen on the grain boundaries of the starting material. The size of the beam used in these experiments was only 3 Â 3 lm; with such a small diffraction volume, this grain-boundary impurity might be sufficient to enhance any effects of non-stoichiometry on the stability of these phases and, indeed, to reduce the melting temperature somewhat. At 60 GPa the first phase assemblage to be produced on very gentle laser heating was a mixture of distorted-CuTi and e-FeSi structured NiSi. At this point, the sample was too cool for spectroradiometric temperature measurement, implying that the temperature was below $1200 K. While this does not place any further constraints on the Clapeyron slope of the phase boundary between the distorted-CuTi and e-FeSi structures it is consistent with the phase boundary extrapolated from the multi-anvil experiments. On further heating, to 1360 K, reflections from the distorted-CuTi phase disappear and pure e-FeSi is observed. This persists to 1680 K and at 1750 K the CsCl phase becomes stable. Melting is observed at 2480 K, by the appearance of diffuse scattering in the diffraction pattern. The phase boundary between the e-FeSi and CsCl structures in NiSi determined from these two experiments has a Clapeyron slope of À67 MPa/K, consistent with constraints from Lord et al. (2012) who bracketed the transition at 46 ± 3 GPa and 1900 ± 150 K (points labelled 'a' in Fig. 6a ). Extrapolation of this boundary to 0 K leads to a metastable e-FeSi to CsCl transition pressure of 173 ± 40 GPa, which is in good agreement with the static ab initio simulations (171 GPa; Vočadlo et al., 2012) . The small pressure dependence of the distorted-CuTi to e-FeSi phase boundary implies the possibility of a second subsolidus invariant point between these phases and the CsCl phase of NiSi. This is very approximately located at 162 GPa and 120 K by extrapolation from the present data, suggesting that the e-FeSi phase is never stable at 0 K, in agreement with the simulations results. Finally, we note that the Clapeyron slope of the e-FeSi to CsCl boundary is similar to that in FeSi determined by Lord et al. (2010) , but very different from the boundary determined recently by Fischer et al. (2013) where e-FeSi and CsCl structured FeSi coexist from 10 to 40 GPa and then react to form pure CsCl-FeSi. An even more recent study indicates a mixed-phase field from 25 to 30 GPa (Geballe and Jeanloz, 2012) . As with the distorted-CuTi to e-FeSi transition studied here, the field of phase coexistence between the e-FeSi and CsCl structured FeSi structures might be enhanced by kinetic effects in both studies but this will only be clarified with further work.
A new metastable phase of NiSi at 60 GPa and 300 K
In addition to these stable phases described above, the diamond-anvil cell study also revealed that on compression to 60 GPa at room temperature the MnP-structured starting material had transformed to a new structure of NiSi (also with space group Pnma) that had been discovered and labelled Pnma-II in the static ab initio simulations of Vočadlo et al. (2012) . The change in structure was identified from the changes in the unit-cell parameters in samples compressed to 35 GPa and 60 GPa at room temperature, prior to laser heating. Unfortunately, full Reitveld refinement was not possible since this was a small component of the total diffracting volume with quite variable intensities (see for instance Lord et al., 2014 Fig. 7) . These reflections were therefore fitted using the LeBail method and hence assignment of this metastable phase to the Pnma-II structure is based on (1) the systematic presence of only strong reflections of the Pnma-II structure in the diffraction patterns and (2) the agreement of unit-cell parameter evolution in the experiments with the simulations of Vočadlo et al. (2012) . The experimental unit-cell parameters are plotted in Fig. 6b as a function of unit cell volume, together with the values from the simulations corrected approximately to the experimental volumes by subtracting a constant volume offset on the X-axis of the plot of 0.1392 Å 3 /atom from each simulation point. The agreement between the two studies is excellent. In the static (0 K) simulations the ambient pressure MnP-structured NiSi spontaneously transformed to the Pnma-II structure at $42 GPa, consistent with the experiments which bracketed the transition between 35 GPa and 60 GPa at 300 K. The simulations then predicted a further transformation of the Pnma-II phase at a pressure of $63 GPa to a structure that was labelled Pnma-III by Vočadlo et al. (2012) . Although the MnP, Pnma-II and Pnma-III structures are isosymmetric, their axial ratios and atomic coordinates are quite distinct and there are major differences in the primary coordination of the atoms. As described in detail by the six fold primary coordination of each atom in the MnP structure increases to 11-fold in the Pnma-II phase, with each atom surrounded by seven atoms of the other species and four atoms of the same species. In the Pnma-III phase, which we have not yet observed experimentally but which may well form at room temperature at a pressure above 60 GPa, the primary coordination of the atoms is increased to 12; in the Pnma-III structure both atoms have almost perfect 12-fold anticuboctahedral coordination by eight atoms of the other kind and four atoms of the same kind. However, although the Pnma-II phase of NiSi clearly exists, since it has now been observed experimentally as well as in computer simulations, our results show that it is never the thermodynamically most stable phase of NiSi at any pressure or temperature. At 0 K, computer simulations show that the distorted-CuTi phase has a lower free energy than Pnma-II at all pressures , whereas in the present study we have determined that although Pnma-II is a lower energy structure than the MnP structure at 60 GPa, it transformed to the distorted-CuTi structure on heating. Thus, the Pmmn structure is more stable than Pnma-II at both 0 K (from the simulations) and high temperature (from the present experiments), implying that Pnma-II must be a metastable phase of NiSi.
Discussion and conclusions

Comparison with previous work
The phase diagram of NiSi determined in the present simultaneous high-P/T study is in good agreement with the results obtained previously by quenching experiments (Lord et al., 2012; Wood et al., 2013) . As indicated in Fig. 3 and Fig. 6a , four thermodynamically stable phases of NiSi have now been observed in our experiments, namely: the MnP-structured ambient-pressure phase, an orthorhombically distorted CuTi structure with space group Pmmn, an e-FeSi structured form and a form with the CsCl structure. These findings are also in very good accord with the revised results obtained from static ab initio simulations , in which the MnP, distorted-CuTi and CsCl structures were determined to be the stable phases at 0 K. The fact that the e-FeSi structured form of NiSi was never the thermodynamically most stable phase in the simulations is exactly as would be expected from our experimental results as the e-FeSi phase field (Fig. 6a) is bounded by the MnP, distorted-CuTi and CsCl structured phases (and the melt) and so does not extend to 0 K at any pressure. Were it possible to perform experiments at 0 K, Fig 6a shows that the sequence of stable phases of NiSi would be exactly as expected from the simulations. The free energy difference between the distorted-CuTi and e-FeSi structures, however, is only about 30 meV atom À1 , which may be easily overcome by thermal energy (30 meV being equivalent to $350 K) and so it is not at all surprising to find that e-FeSi structured NiSi becomes more stable than the distorted-CuTi structure above about 1100 K. The study of Gavryushkin et al. (2015) predicted that the CsCl-structured phase of NiSi should have a significant tetragonal distortion (with c/a $ 0.8) at all pressures below 522 GPa, however the LHDAC experiments reported here and elsewhere (Lord et al., 2014) show no evidence for this large distortion under any P-T conditions where CsCl-NiSi was observed.
The experiments presented here have also confirmed several of the suggestions made previously Lord et al., 2012; Wood et al., 2013) with regard to possible metastable phases of NiSi. Firstly, it is now clear that compression of the MnP structured ambient pressure phase of NiSi at room temperature does, indeed, produce a transition, at a pressure between 35 and 60 GPa, to the phase labelled Pnma-II in Vočadlo et al. (2012) and predicted therein to form at $42 GPa. By extension, it is therefore reasonable to suppose that experiments at room temperature and still higher pressure will result in a further transition to the phase labelled Pnma-III in the computer simulation study. Secondly, we have now been able to predict with reasonable confidence the phase boundary for the ferroelastic distorted-CuTi (Pmmn) -c-CuTi (P4/nmm) transition discussed by Wood et al. (2013) . Our results (see Fig. 5a and Fig. 3 ) show that this transition will occur within the stability fields of the MnP and e-FeSi structures of NiSi and thus the tetragonal c-CuTi phase of NiSi will never be thermodynamically stable. Since the distorted-CuTi structure of NiSi may be recovered to ambient conditions, it is, however, possible that the ferroelastic transition might be observed metastably at atmospheric pressure, as the expected transition temperature ($500 K) may then be sufficiently low that conversion to the stable MnP structure is kinetically inhibited. Finally, the very close correspondence between the results of the static computer simulations and the experiments suggests that it may indeed be possible to produce, metastably, at least some of the other forms of NiSi that were predicted to have free energies only a few tens of meV atom À1 greater than those of the thermodynamically most stable structures Wood et al., 2013) . Some indication that this might be so was observed in the earlier laserheated diamond-anvil cell study of Lord et al. (2012) , in which a few low-intensity X-ray reflections were seen which might have been consistent with several of the structures predicted in the ab initio study and which were interpreted as possible quench phases or phases which had grown at the low-temperature edges of the laser-heated spot. This highlights one advantage of systematic structure searches, as implemented by Vočadlo et al. (2012) over structure prediction software (eg Gavryushkin et al., 2015) in that the prediction software only predicted stable structures and not the metastable structures which we have produced in the laboratory.
Implications for planetary interiors
The phase diagram of NiSi is significantly different from that of FeSi at low pressures and temperatures, with two additional stable phases and several metastable phases not seen in the FeSi system. At pressures and temperatures above 13 GPa and 1000 K, however, the two compositions show remarkably similar phase diagrams, though with some pressure shift between them. This suggests that there will be solid-solution between NiSi and FeSi at high pressure and that incorporation of small amounts of nickel will not significantly affect the behaviour of the iron-silicon system in the cores of Earth-size and larger planets (see Lord et al. 2014 for discussion). In smaller planets, the stability of the MnP structure of NiSi to 13 GPa (by which time in the FeSi system the CsCl structure is on the liquidus) and the difference in pressure between the transitions from the e-FeSi to CsCl structures ($24 GPa at 1950 K in FeSi from Dobson et al. (2000) and 46 GPa at 1900 K in NiSi, Lord et al., 2012) will result in eutectic behaviour at pressures below $30 GPa. Nickel might therefore help to depress the liquidus in smaller planetary bodies such as Mercury whose core pressures fall in this range (7-40 GPa) and which has a liquid core thought to be rich in silicon (Malavergne et al., 2010) . This might reduce the need for a very high sulphur content in the core of Mercury (e.g. Harder, 2001; Rivoldini et al., 2009 ) which has been invoked to reduce the solidus temperature but which has little cosmochemical justification (e.g. Goettel, 1988) . We note here that the Si contents of planetary cores will be significantly below 50 mol.% and hence studies of the more Si-poor Fe-Ni-Si alloys are required; however the present study shows that the Ni-Si system is significantly different from the Fe-Si system at the pressures of the smaller planets and satellites and hence significant eutectic depression should be expected in this ternary.
Implications for thin-film semiconductor technology
Although our primary motivation for the investigation of NiSi comes from its role in Earth and planetary sciences, NiSi is also an important material for complementary metal-oxide semiconductor (CMOS) technology as very thin films of NiSi may be used to form the contacts on silicon semiconductor substrates (see e.g. Lavoie et al., 2006 Lavoie et al., , 2007 Li et al., 2009) . It now seems to be generally accepted that when thin films of NiSi are grown on either Si (1 0 0) or Si(1 1 1) substrates by annealing a deposited layer of either Ni or Ni/Si, the resulting film (when annealing is complete) consists of NiSi with the room-pressure MnP structure (e.g. d 'Heurle et al., 1984) . However, during the annealing processes, transient nickel silicide phases form, the nature of which is still somewhat uncertain (d' Heurle et al., 1984; De Keyser et al., 2008; Van Bockstael et al., 2009; Hoummada et al., 2010; Lu et al., 2013) . The high-P/T phase diagram of NiSi may well have some relevance for this work, since it is well known that thin films of FeSi with the high-pressure CsCl-type structure can form on Si (1 1 1) substrates (von Känel et al., 1992 (von Känel et al., , 1994 Kafader et al., 1993) , despite the fact that, at the temperatures at which these films are grown (300-800 K), pressures well in excess of 20 GPa are required to produce this phase in bulk samples of FeSi (Dobson et al., 2002; Lord et al., 2010) . Several possible orientations of the high-pressure nickel silicides could be conceived which have reasonable strains; for example, an (0 1 1) surface of the Pmmn phase of NiSi fits the Si(1 0 0) unit cell metric with 4 vol% strain, with Ni atoms coincident with the Si (0, 0, 0) atomic coordinate and Si atoms coincident with the Si (0, ½, ½) coordinate and further Ni and Si atoms at (0, ½, 0) and (0, 0, ½) respectively.
